In this article, the transient modelling for a new construction of the Adsorption cold production was investigated. This system, named in this work the combined Adsorption Ice Production system (com-AIP system), was filled by both silica gel (SG) and activated carbon (AC) together in one adsorption reactor as the adsorbent and methanol as the adsorbate and refrigerant.
INTRODUCTION
There is a widely increasing need to develop the refrigeration technology by looking for alternative technologies. In recent years the adsorption refrigeration technology, called Green Refrigeration Technology, has been attracting more and more attention due to its advantages. It is energy-efficient and eco-friendly alternative to conventional systems such as electrical driven air-conditioning and refrigeration systems [1] .
The adsorption refrigeration systems don't have to use ozone-depleting chlorofluorocarbons (CFCs) and don't need electricity or fossil fuels as driving sources, because adsorption cycles possess the advantage of employing natural and low global warming potential (GWP) refrigerants (water, methanol, ethanol, etc.). In *Address correspondence to this author at the Ilmenau University of Technology, Faculty of Mechanical Engineering, Institute of Thermodynamics and Fluid Dynamics, Helmholzring 1, 98693 Ilmenau, Germany; Tel: +49 (0) 5271-3910634; E-mails: majd.ali@tu-ilmenau.de; salman.ajib@hs-owl.de addition, the adsorption systems could be driven by low-grade energy such as industry waste heat or solar energy [2] [3] [4] .
The idea of these devices is the reversible physical sorption of a vapor on the surface of a porous solid (desorption of the refrigerant when exposed to heat and adsorption of it during cooling) [5] [6] [7] . Many researchers have been interested in the study of the adsorption cooling system both numerically and experimentally with the different working pairs of adsorbent-adsorbate. The popular typical working pairs are silica gel-water [8] , silica gel-methanol [9] , zeolitewater [10] , activated carbon-ammonia [11] , activated carbon-methanol [12] , inorganic salt-ammonia, etc. Some studies have introduced the composite adsorbents to reduce the maximum temperature of adsorption cooling system [13] . The effectiveness of adsorption cooling systems using the different working pairs were investigated and assessed [14, 15] . These studies gave more realistic performance comparing to ideal cooling cycle performance. The adsorption working pairs used don't have ideal characteristics and although the physical properties of the sorption materials are limited, most of the published studies on the adsorption cold systems utilized one adsorbent in their adsorbent beds to simulate the system and to enhance its performance.
Activated carbon AC with methanol as a working pair is broadly used in adsorption refrigeration systems due to the high adsorption/desorption concentration X[kg meth / kg AC ], which reaches 0.45 and low desorption heat, which is about 1800-2000 [kJ/kg]. Moreover, adsorbate uptake capacity of activated carbon is more than that of silica gel. The other important factor is density of the sorption material which affects the volume of adsorption reactor. Density of activated carbon is about 500 kg/m 3 , whereas density of silica gel is about 750 kg/m 3 therefore, the amount of activated carbon is smaller than the amount of silica gel inside the same volume of adsorption reactor [3] . The system of activated carbon/methanol and silica gel/methanol need low grade heat source [16, 17] . On the other hand, methanol operates at sub atmospheric pressure; the low-pressure system is suitable to utilize the adsorption cold system as icemaker [18] .
The adsorption refrigeration system in this article is developed using a new heat exchanger design which is filled by two different sorption materials together (silica gel and activated carbon) and one refrigerant (methanol) in the same adsorption reactor (chamber), named in this work com-adsorption reactor (com-bed), to improve its heat and mass transfer performance and changing the operating cycle.
This research presents a simulation of activated carbon-/silica gel-methanol finned tube adsorption reactor, a main component of the adsorption cooling system, and a comparison of com-AIP system with both silica gel/methanol and activated carbon/methanol adsorption cold systems to show the importance of this technology under the same operating conditions. Future works will focus on enhancing the coefficient of performance COP and saving of the required input heat by increasing the mass flow rate of refrigerant ! m ref to achieve higher performance in terms of refrigeration capacity. Moreover, the impact of amounts of methanol desorbed m des adsorbed m ads and the desorption temperature inside the com-adsorption reactor on the performance and on the amount of produced ice m ice are considered.
THERMODYNAMIC CYCLE OF THE COM-AIP SYSTEM
The Adsorption Ice Production (AIP) system is similar to the basic vapor compression refrigeration machines except that the power compressor is replaced by a thermally driven compressor which is the adsorption reactor [19] . The adsorption reactor is composed of a solid medium that has affinity to physically adsorb and desorb the refrigerant vapor. In the present study a novel strategy of com-adsorption reactor is proposed to reduce the consumption of the needed driving energy and to enhance the COP. The schematic diagram of com-bed Adsorption Ice Maker system is shown in Figure 1 . This suggested strategy is completely different from the conventional adsorption reactor which works using one working pair of adsorbent/refrigerant. Its working principle will be explained in the following section.
The other main components of the system studied are a condenser, an evaporator, a throttling device and 4 one-way control valves. This components of the system studied are shown also in Figure 1 .
The basic adsorption refrigeration thermodynamic cycle is illustrated on the conceptual Clapeyron diagram, Figure 2 . The cycle of the com-AIP system consists mainly of these processes:
• 1→2 Isosteric heating and pressurization process at the constant higher concentration of the silica gel particles in the com-adsorption reactor.
• 1→2` Isosteric heating and pressurization process at the constant higher concentration of the activated carbon particles in the comadsorption reactor.
• 2→3 Isobaric heating and desorption process from the silica gel particles.
• 2`→3` Isobaric heating and desorption process from the activated carbon particles.
• 3→4 Isosteric cooling and depressurization process at the constant lower concentration of silica gel adsorbent.
• 3`→4`Isosteric cooling and depressurization process at the constant lower concentration of activated carbon particles.
• 4→1 Isobaric cooling and adsorption process for the SG-adsorbent.
• 4`→1 Isobaric cooling and adsorption process for the AC-adsorbent.
• A→B condensation process at constant condenser pressure.
• C→D evaporation process at constant evaporator pressure.
WORKING PRINCIPLE OF COM-AIP SYSTEM
To complete a full cycle for the proposed system, the whole cycle of the com-AIP system can be divided into 7 phases A, B, C, D, E, F, G and H, shown In the phase A the com-adsorption reactor works in the isosteric pre-heating process. Hot water flows into SG-bed and AC-bed. The both beds are heated up by the hot water from a driving heat source. When the pressure of both beds are nearly equal to the pressure of condenser, both the AC-bed and the SG-bed are connected to the condenser in order to start the desorption process.
In the phase B the com-adsorption reactor works in the isobaric desorption process. The desorptioncondensation process takes place at the condenser pressure. In this mode only SG-desorber is heated up to the end desorption temperature T des, max by the heat input Q des SG provided by the driving heat source. The resulting refrigerant (methanol vapor) from SG-bed is cooled down by the temperature T cond in the condenser by the cooling water. The cooling water flows through the condenser and carries away the heat of condensation Q cond . The condensate passes through expansion device into the evaporator. In this mode the methanol vapor desorbed from SG-particles helps to heat up the AC-bed. Consequently the heating energy is saved and COP is improved.
In the phase C the SG-bed is in the isostericprecooling process and the AC-bed is still in the desorption process. During Pre -cooling process the SG-bed is isolated from the evaporator and the condenser. The operating states of the valves are shown in Table 1 . The cooling water is supplied to the SG-bed for short time t cooling SG and is cooled down to the adsorption temperature.
In the phase D while the SG-bed begins the adsorption process, the AC-bed is still in the desorption process. The SG-bed is at the start position of adsorption-evaporation process and AC-bed is at the end position of desorption-condensation process. The AC-desorber is heated up to the end desorption temperature by the heat input Q des AC provided by the driving heat source. This time the AC-bed is isolated from evaporator and condenser and is connected with cooling water. The SG-bed is connected with the evaporator in order to start the adsorption process.
In The phase E the AC-bed begins the pre-cooling process and the SG-bed works as an adsorber. Cooling water is supplied to the AC-bed for short time In phase F, Both the SG-bed and AC-bed work as an adsorber. Because of the adsorption speed, the concentration level of AC-adsorber reaches in nearly equilibrium faster than the concentration level of SGadsorber. In this mode the AC-adsorber reaches at the end position of adsorption-evaporation process, which is the last process for the AC-bed.
In phase G, the pre-heating process for AC-bed starts and the SG-bed works as adsorber.
In phase H the AC-bed works as a desorber and SG-bed works as an adsorber. In this mode the SGadsorber is at the end position of adsorptionevaporation process, which is the last process for the SG-bed. After this mode the SG-cycle will return to its initial position. Figure 3 shows the schematic view of the finned tube heat exchanger developed in this study. It mainly consists of: 
GEOMETRY MODEL PARAMETERS OF FINNED TUBE FOR COM-ADSORPTION REACTOR

4.
Mesh sheet covering the material of com-heat exchanger.
This com-heat exchanger is composed of flat tube with rectangular fins. There are 4 tube horizontally and 90 fins vertically arranged adsorption heat exchanger in all, between 3.9 kg silica gel and 3.3 kg activated carbon are employed which they are taken as same diameter ( ! 1.15 mm). This com-heat exchanger is used as desorber during desorption cycles and as an adsorber during adsorption cycles.
The characteristics of the find -tube heat exchanger used is listed in Table 2 .
The design criteria of this innovative bed are almost similar to that of the two-bed chiller. However, in the proposed design, it needs no extra piping, which connects the bed with condenser and evaporator during desorption and adsorption. Instead of a two-bed system as usually installed in the commercially available adsorption chiller, only one com-adsorption reactor is used for this AIP system here, but it is packed with two different adsorbents. The activated carbon bed and silica gel bed are taken as same size. By means of this kind of design, the construction of the system can be simplified, the adsorbate concentration is increased and the dimension of adsorption reactor is diminished, hence mass flow rate of the refrigerant is increased and cooling power improved.
MATHEMATICAL FORMULATION AND THERMODYNAMIC ANALYSIS APPROACH
A schematic of the com-adsorption reactor is shown in Figure 3 . The modelling of this heat exchanger involves heat and mass conversation equations for the adsorbent particles of both SG and AC, the adsorbate refrigerant (methanol), the heat exchanger fluid (water) and the metallic components of the reactor (the metal tubes and the fins). The following assumptions are utilized:
•
The average granules diameters of adsorbents SG and AC are similar.
• The temperature of refrigerant and adsorbents at the same point is the same.
• The adsorbed phase is considered as a liquid and the vapor methanol behaves as an ideal gas.
• The thermal resistance between the metal tube and the adsorbents is neglected. •
The desorption and adsorption occur in the vapor phase of methanol.
The variation of temperature in the adsorption reactor and inside the tubes occurs in the redial direction only.
Adsorption and Desorption Equations
The uptake of the refrigerant X[kg/kg] by the adsorbent particles depends upon the pressure and the temperature of the adsorbate. The maximum value X max is defined by the ambient temperature and evaporator pressure X max = f(T amb , P evap ). The adsorption and desorption concentrations X are usually determined by Dubinin-Astakhov equation [20, 21] :
The initial adsorption concentration X 0 depends on the adsorbate density ! a T ( ) and is related to the maximum adsorption capacity by this equation: (3) where V 0 is the maximum adsorption capacity [m 3 /kg].
D, K and n are constants which can be determined experimentally depending on the adsorbate / adsorbent pair.
P sat (T) and P sat (T) are saturation pressure and temperature corresponding to the reactor temperature. The relation between the pressure and temperature during the isostericpre-heating and pre-cooling processes at steady state conditions is described by following equations:
For a given evaporator temperature T evap , the corresponding evaporator pressure, P evap is the saturation pressure of the refrigerant vapor P sat (T evap )= P evap corresponding to T evap . According to equations (4) or (5) the processes cycle of AIP system can be displayed very well in (P-T) diagram, Figure 2 . In this diagram the processes are plotted as two trapeziums. The first trapezium for SGbed is plotted between the isosteres X max SG and X min SG and the iso bares P cond and P evap . Another trapezium for ACbed, that is bigger than the first is too plotted at the same diagram with different values of X max AC and X min AC and with same evaporator and condenser pressure.
The kinetics of sorption dX/dt is assumed to be governed by a linear driving force (LDF) model that could be used to describe internal mass transfer limitations with little error [22, 23, 24] . The term of the model is given by:
Where X eq is the equilibrium concentration at the corresponding pressure and temperature that is calculated by Dubinin-Astakhov Eq. (1) and X represents the actual concentration of the adsorbate.
Isostatic Heating and Pressurization Process
The input energy required by the com-adsorption reactor metallic components, the porous adsorbent media (SG and AC), the adsorbate phase (methanol) and the refrigerant vapor phase is shown in Figure 4 . In the isosteric heating the com-adsorption reactor which is filled with silica gel and activated carbon particles is preheated at two constant highest isostere lines, because the uptake of the refrigerant for SG and AC particles has different values.
In this process, the methanol concentration in the heat exchanger remains constant. The added energy Q heating add during the preheating process of the comadsorption reactor is utilized to cause sensible heating of the adsorption reactor constituents. The isosteric heat added is expressed as: , (7) (8)
The energy is introduced to the metallic components (copper tubes and aluminum fins) of the com-reactor causes a step temperature increase. The thermal energy consumed in sensible heating of the solid adsorbent media causes a step temperature rise from T 1 to T 2 for SG-adsorbent bed and from T 1 to T 2, AC-adsorbent bed.
(12) (13) During the preheating process, there is no desorption taking place and therefore, the mass of the adsorbate phase M a remains constant. The differential amount of energy input to the adsorbate phase (methanol liquid) appears in the increase of the adsorbate internal energy and is given by:
The differential amount of energy required by the refrigerant vapor phase is calculated as follows: (16) (17) where M v is the mass of the vapor phase which remains constant during pre-heating process and is given by:
The variation of the adsorbate volume fraction ! , along the highest concentration path can be determined from the following equation [20] . 
Isobaric Heating and Desorption Process
The variation of the adsorbate concentration ratio along the isobaric heating process is defined by the following equation: (20) The amount of the added energy Q des add which is required during the isobaric heating process causes sensible heating of the com-adsorption reactor constituents, activates the desorption of the refrigerant from the adsorbent media (SG, AC) and generates the gas phase. This added energy can be expressed as follows:
The energy is introduced to the metallic components (copper tubes and aluminum fins) of the com-adsorption reactor causes a step temperature rise (24) (25) The thermal energy consumed in sensible heating of the solid adsorbent media causes a step temperature rise from T 2 to T 3 for SG-bed and from T 2' to T 3' for AC-bed.
The differential amount of energy input to the adsorbate phase appears in the increase of the adsorbate (liquid methanol) and refrigerant vapor internal energy.
By applying in this case the conservation of energy principle on the adsorbate and refrigerant vapor phase [25] , we get:
where dU a is the step change in the total internal energy of the adsorbate refrigerant phase. Regarding the mass of the refrigerant vapor phase is varying during the desorption process.
The differential amount of energy input to the vapor phase appears in the increase of the refrigerant vapor internal energy.
The differential amount of energy which is transported from the adsorption reactor to the condenser is given by:
where ! M cond is the differential mass that leaves the com-adsorption reactor and flows towards the condenser and equals the total refrigerant mass content inside the SG-particles and AC-particles. This infinitesimal amount of mass can be written as follows:
(33)
Isostatic Cooling and Depressurization Process
Like the pre-heating process, the methanol concentration remains constant. In this process, the com-adsorption reactor is precooled at two constant isostere lines X min =f(T max , P cond ) for AC-bed and SGbed.
The rejected energy Q cooling reject during the precooling process of com-adsorption reactor causes sensible cooling of the adsorption reactor constituents. This differential amount of energy which lost from the adsorption reactor to the ambient surroundings is given by:
By the same methodology which has been followed in preheating process, the energy is lost from the metallic components (copper tube and aluminum fins) of the generator is calculated from following equations:
The thermal energy which is lost in sensible form of the solid adsorbent media causes a drop temperature from T 3 to T 4 for SG-bed and from T 3 to T 4' AC-bed.
The differential amount of energy output from the adsorbate refrigerant appears in the decrease of the adsorbate internal energy. During the pre-cooling process, there is no desorption/adsorption taking place and therefore, the mass of the adsorbate phase M a remains constant and is given by:
The differential amount of energy losses from the refrigerant vapor phase is calculated as follows: (43) (44) Where M v is the mass of the vapor phase which remains constant during precooling process and is given by:
The variation of the adsorbate volume fraction, along the lowest concentration path can be determined from the following equation [20] .
(46)
Isobaric Cooling and Adsorption Process
The com-adsorption reactor during isobaric cooling undergoes the adsorption phase at the same constant evaporator pressure and is cooled at the ambient temperature. By decreasing the temperature the methanol concentration by the SG-particles increases from the minimum value X min SG P cond , T des,max ( ) to the maximum value X max SG P evap , T amb ( ) and the methanol concentration by the AC-particles decreases during this process from X min AC P cond , T des,max
The variation of the adsorbate concentration ratio along the isobaric cooling process is defined by the following equation:
The amount of the rejected energy Q ads reject which is lost during the isobaric cooling process causes sensible cooling of the com-adsorption reactor constituents and activates the adsorption of the refrigerant from the adsorbent media (SG, AC). This rejected energy can be expressed as follows:
The energy which is lost from the metallic components (copper tubes and aluminum fins) of the generator is calculated from following equations: The differential amount of energy which is transported from the evaporator to the com-adsorption reactor is given by: (59) where ! M evap is the differential mass that leaves the evaporator and enters the com-adsorption reactor and equals the total refrigerant mass content inside both the SG adsorbent and AC adsorbent. This infinitesimal amount of mass can be written as follows:
(60)
The Condenser
As soon as the refrigerant vapor desorbs from the com-adsorption reactor, it enters the condenser. In the condenser, the refrigerant gas is being de super heated first by removing sensible energy from the superheated vapor across a driving temperature difference of T b -T cond . By rejecting the latent energy of condensation !H cond to the ambient heat sink the refrigerant vapor starts to condense. The condensation energy of m cond is given by:
(61) h sat (P cond ): the refrigerant vapor saturation specific enthalpy at the condensation presssure.
The Evaporator
In the evaporator, the ice production takes place by the evaporation of the saturated liquid refrigerant. The differential evaporation effect ! Q evap is calculated from following equation [20] :
The cooling effect is associated with a differential amount of refrigerant liquid !M evap , which is coming from the evaporator and is being adsorbed in the comadsorption reactor.
The cold adsorption system is used for freezing applications; the total amount of the ice produced from the com-AIP system per cycle is given by; (63)
The coefficient of performance COP is defined as the ratio of the refrigeration capacity Q e and the input energy Q in to the com-adsorption reactor during the isosteric and isobaric heating processes.
(64)
In this equation, the required input energy to drive the com-AIM system is given by; (65) (66)
CALCULATION PROCEDURE
The analysis of the combined Adsorption Ice Maker AIP system with com-heat exchanger has been investigated using a simulation program written in MATLAB. This program is designed to analyze the thermodynamic cycle parameters of this technique. The above mentioned set of coupled equations is solved by finite difference approximation with a temperature step of one grad Celsius and with a time step of one second. The investigation focused on the effect of the adsorption reactor temperature T b , the desorbed refrigerant mass from com-adsorption reactor m des , the cycle time t cycle and the amount of produced ice m ice .
For evaluation of the com-AIP system according to thermodynamic analysis, the comparison with two systems: SG-bed AIP system and AC-bed AIP system is investigated.
The case investigated in the present study is an ice maker at an evaporation temperature of -3 °C. The new strategy operates with silica gel/methanol as the first working pair in the SG-bed and operates with activated carbon/methanol as the second working pair in the ACbed of com-adsorption reactor. The characteristics of activated carbon and silica gel, packed in this adsorption reactor, are shown in Table 3 . The configuration of these sorption elements is identical and taken as same size. In the proposed design the effect of metallic casing of the com-adsorption bed is taken into account. The base parameters used in this case study are summarized in Table 4 . The liquid and vapor thermodynamic properties of methanol have been calculated from the methanol equations [26] . The simulation uses embedded Ref prop thermo physical properties of methanol. 
RESULTS AND DISCUSSIONS OF THE CASE STUDY
Based on the analysis for thermodynamic processes of the com-AIP system in Section 5 and the case study described in section 6, it is found that the total input energy of the whole system equals 5766kJ, is found that the com-AIP system attains a refrigeration COP of 73% with a refrigeration energy produced Q e inside the evaporator estimated to 2168 kJ per cycle. This refrigeration effect corresponds to ice production of 5.34 kg per cycle at a temperature of -3 °C from water at a source temperature of 15 °C.
Therefore, every 1 kg of silica gel-particles inside this com-adsorption reactor produces ice mass of 0.4 kg per cycle and every 1 kg of activated carbonparticles inside the com-adsorption reactor produces ice mass of 1.13 kg per cycle under the hot water inlet temperature of 100 °C.
Pressure Profile
The adsorbate inlet condition during the adsorption process is performed at pressure of 3.31 kPa corresponding to evaporation temperature of -3 °C. The refrigerant (adsorbate) outlet condition during desorption process is done at pressure of 24 kPa corresponding to condensation temperature of 32 °C.
Plotting a variation of the pressure inside the comadsorption reactor, which is filled with two different adsorbents silica gel and activated carbon, is demonstrated along the cycle time Figure 5 .
Based on the simulation results, it is found that the desorption and pre-cooling processes of the SG-bed begin before the same processes inside the AC-bed. Because of the properties of silica gel such as the specific heat capacity and the desorption heat, the duration of desorption process inside the SG-bed is 150 sec, whereas the desorption process inside the AC-bed is 287 sec. Consequently, both of the adsorbents work under the same pressures but with the different time.
The pressure level for isostericpre-heating and precooling is calculated by variation of the temperature in the heat exchanger of the com-adsorption reactor Eq. 4.
The Figure 6 shows the simulated pressure profile of the com-adsorption reactor for all of the cycle processes, the result corresponds to the ideal cycle displayed in Figure 2 . Although the com-AIP system use two adsorbents in the com-adsorption reactor, we can notice that the variation of the pressure inside both the AC-bed and SG-bed related to the temperature remains identical. The adsorption reactor pressure rises from the evaporator pressure at 3.31 kpa to the highest cycle pressure at the condenser of 24 kpa during the isosteric pre-heating process. It can be also seen that the AC and SG adsorbents start the generation process at same temperature of about 67 °C. Then the reactor pressure remains steady during the generation process till the maximum cycle temperature 100 °C is approached. Both of the adsorbents start the desorption process at same temperature of 67 °C and begin the adsorption process at same adsorption temperature of about 57 °C.
Adsorption Uptake Profile
The Figure 7 illustrates the variation of the adsorbate phase (methanol) concentration ratio with the temperature of the both sorption elements along the cycle. From this plot, the adsorbate concentration ratio X SG of silica gel adsorption bed varies between its maximum value of 0.24 kg meth / kg SG its minimum value of 0.11 kg meth / kg SG during the cycle and the adsorbate concentration ratio of activated carbon adsorption bed X AC varies between its maximum value of 0.42 kg meth / kg AC to its minimum value of 0.021 kg meth / kg AC during the cycle.
This technique aims to increase the methanol concentration ratio X[kg meth / kg ads ] inside the comadsorption reactor. Therefore, the adsorption reactor is filled by two different adsorbents. As a result of using this technique (com-reactor) we can note that the concentration ratio of methanol in adsorption reactor has been increased under the same hot water inlet temperature to maximum value of 0.66, which has important effect on the system performance COP.
The variation of the methanol concentration inside the SG-particles and AC-particles, which are packed together in the com-adsorption reactor, is demonstrated for all of the working processes along duration of three consecutive cycles in Figure 8 . Based on the properties of the adsorbents and calculations Eq.1 and Eq. 2 it is found, that the maximum adsorbate concentration of Activated carbon X max AC is considerably larger by half than that of Silica gel X max SG at the same ambient temperature T amb and the same evaporator pressure P evap . Hence it has the potential to provide higher refrigeration effect. Because of the large value of the methanol concentration by the AC-particles compared with the methanol concentration by the SG-particles, the desorption process inside the AC-bed takes more time until the end of desorption process under the same desorption temperature of 100 °C. Table 5 shows the required time of the cycle processes for both the SG-bed and AC-bed inside the com-adsorption reactor.
Because of the speed adsorption the AC-adsorber reach in equilibrium value of adsorption capacity faster than the SG-adsorber. This is because of the minimum adsorbate concentration of silica gel X min SG , which is bigger by 6 times than the minimum adsorbate concentration of Activated carbon X min AC at the same highest cycle temperature of 100 °C. That means the amount of refrigerant (methanol) inside the SGparticles at the start of the adsorption process is large. Therefore, the cooling water supplied to the SG-bed takes more time about 687 sec during adsorption process until the SG particles can be adsorb the methanol vapor and reach at the equilibrium adsorption capacity X max SG of 0.24 kg meth / kg SG . Figure 9 presents the evolution of the adsorbate mass inside the com-adsorption reactor with the adsorption reactor temperature for all of the working processes.
Evaluation of the Adsorbate (Refrigerant) Mass
Variation of the Desorbed Refrigerant Mass
During the isobaric heating process, the mass of the adsorbate phase (methanol) in the SG-particles M a SG and in the AC-particles M a AC are continuously decreasing since the refrigerant is being freed from the com-adsorption reactor and flows towards the condenser, and the mass of the refrigerant vapor phase is varying during this process, because the concentration ratio is continuously decreasing along the process.
During the isobaric cooling process, the mass of the adsorbate phase in the SG adsorbent M a SG and in the AC adsorbent M a AC are continuously increasing, because the refrigerant leaves from the evaporator and flows into the com-adsorption reactor. Hence, the concentration ratio is continuously increasing along this process.
As noticed from the Figure 9 , the adsorbate mass is continuously varying throughout the cycle operation. No changes of the adsorbate refrigerant mass are Figure 9 : Variation of the adsorbate mass with adsorption reactor temperature along the cycle.
observed during both of the isosteric processes (preheating and precooling). In the isobaric desorption phase, the desorbed methanol mass increases with temperature due to the decrease in refrigerant density with increasing temperature.
Using the com-AIP system with two absorption materials will increase the adsorbate mass content m meth inside the adsorption reactor. Consequently the desorbed mass of methanol m des , that leaves the comreactor and flows towards the condenser, is higher than this mass m des when only silica gel or only activated carbon is used in the adsorption reactor. There for the mass flow rate of refrigerant ! m ref through the condenser and the evaporator increases and this has important effect on the refrigeration energy Q e .
The adsorbate mass of silica gel adsorption bed attains its minimum cyclic value at the end of the desorption process about 0.44 kg whereas, the decreasing trend in the adsorbate mass during the isobaric adsorption process is obtained due to the increase in its density with the decreasing temperature. It attains its highest value at the end of adsorption process about 0.952 kg. For the activated carbon adsorption reactor varies between its maximum value of 1.4 kg to its minimum value of 0.0712 kg during the cycle.
The development of the total desorbed mass with the desorption temperature from the com-adsorption reactor (from both the SG-particles and AC-particles) along the cycle is demonstrated in Figure 10 .
It can be seen that the maximum desorbed mass from the SG-bed and from AC-bed equal to 0.52 kg and 1.33 kg, respectively. As a result, the total refrigerant mass which is circulated through the com-AIP system increases to 1.85 kg. Figure 10 : Evaluation of the desorbed refrigerant mass that leaves the SG-particles, AC-particles and the com-adsorption react or during isobaric desorption processes. Figure 11 presents the evolution of the total refrigerant desorbed mass from the com-adsorption reactor along the cycle time of the desorption process.
It is noticed that the rate of the generated refrigerant has its minimum value at the beginning of the desorption process, when the bed temperature reaches the value of the generation temperature at 67°C. This rate, as depicted in the figure, is continuously increasing with the increase of the temperature and it reaches the maximum value at the end of the desorption process with the maximum cycle temperature and the minimum concentration. The total desorbed refrigerant vapor mass at the end of this process equals 1.85 kg meth . Based on the simulation results, it found that the SG-bed reaches the end of desorption process faster than AC-bed. This has a significant impact on saving the input energy required from driving heat source and the system could produce ice before the end of desorption process inside the AC-bed.
As a result of using this technique, it is found that the refrigerant desorbed mass, that leaves from adsorption reactor into the condenser, has been increased to high value, which has important effect on the mass flow rate circulated through the condenser and the evaporator. This improved the COP and increased the mass of ice produced from the com-AIM system. Figure 12 shows the effect of the adsorption reactor temperature on the amount of adsorbed refrigerant m ads during isobaric adsorption process. The adsorbate concentration ratio increases with cooling of the comadsorption reactor, which means a larger amount of methanol, can be adsorbed with decreasing adsorption temperature during the adsorption process. It achieves a maximal value under initial temperature of 27 °C with SG-bed cycle of about 0.52 kg meth , and 1.33 kg meth with AC-bed cycle. As a result the total amount of methanol, adsorbed with this proposed technique, achieves a value of 1.85 kg meth at the end position of adsorption process under ambient temperature of 27 °C and evaporation pressure of 3.31 kPa. The adsorbed refrigerant mass evolution with the cycle time during isobaric adsorption processes is demonstrated in Figure 13 . The adsorbed amount of methanol significantly rises with decreasing the adsorption reactor temperature along the duration of adsorption process. Based on the simulation results and properties of the sorption materials, it was found that the adsorption process inside SG-bed takes more time than the same process inside the AC-bed. This is because the amount of refrigerant (methanol) inside the SG-particles at start of the adsorption process is larger than this amount inside the AC-particles. Therefore, the duration of supplying with the cooling water to the SG-bed is about 687sec during adsorption process until the SG particles can adsorb the methanol vapor and reach at the equilibrium adsorption capacity X max SG . Because the time of adsorption process is different for SG-bed and AC-bed, this technique could work nearly as permanent system in order to produce the ice.
Variation of the Adsorbed Refrigerant Mass
The Amount of Produced Ice and the
Refrigeration Energy
The Figure 14 shows the effect of desorption temperature on the ice production m ice . The trend shows considerable increasing in m ice with increasing desorption temperature over the range shown from 67 °C to 100 °C. It can be seen also that the larger fraction from the produced ice about 72% is produced from the AC-particles whereas the remaining part of the total amount ice produced 28% is created from the SGparticles. This is because of the large adsorption quantity of the activated carbon particles compared to silica gel as adsorbent.
The Eq. 63 shows that the ice produced is proportional to the refrigeration energy. The effect of desorption temperature on the refrigeration energy of the system is shown in the Figure 15 .
When desorption temperature increases, the refrigeration energy also increases. Based on simulation results and physical properties of adsorbents it was found that the cycled refrigerant mass m sorbent' (X max -X min ) increases with higher desorption temperature. Thus an increase in m ref will result in improvement of the refrigeration energy.
Evaluation of Com-Adsorption Ice Production AIP System
In order to assess the effectiveness of com-AIM system proposed on the driving energy required from external heat source Q in , a comparison with two AIP systems is made under the same operating conditions, taking into account the refrigeration capacity Q e and performance COP. The first system works using activated carbon-methanol and the second works using silica gel-methanol as working pair. The modeling of both the two systems has been simulated also using a MATLAB program.
As shown in the Figure 16 the added energy Q in , which is introduced to the com-, SG-and ACadsorption reactor of these three systems is demonstrated versus the adsorption reactor temperature. The total amount of the required input energy to activate the silica gel adsorption reactor is estimated to 2796 kJ per cycle and to 4460 kJ for activated carbon adsorption reactor.
In comparison with the SG-bed and the AC-bed, we can notice that the driving energy required to activate the novel strategy of com-adsorption reactor is smaller than the required energy in AC-bed and is estimated to be 3628 kJ, and thus it is bigger than the required energy in SG-system but the com-adsorption reactor can produce the double amount of ice under the same operating conditions. It is interesting to notice from the Figure 18 how the driving energy varies with respect to the duration of isosteric and isobaric heating processes over the same range (67-100 °C).
As seen in the Figure 17 both the com-bed and ACbed take the same desorption time to heat up and activate the adsorption reactor, but the com-bed adsorption reactor has an advantage compared with the AC-bed that its required driving energy is smaller than the required energy of AC-system. The SG-bed takes about 150 sec to desorb the refrigerant toward the condenser, whereas the com-bed takes about 287 sec to desorb the refrigerant. But the SG-bed adsorption reactor has a disadvantage that it needs higher driving energy during its smaller desorption time compared to com-bed and AC-bed.
As a result of the using this technique we notice that the required energy has been saved, which has an important effect on the selection of energy source.
A fraction from this energy about 1000 kJ is needed to bring the adsorption reactor up to the starting desorption with temperature of 67 °C.
As noticed from the plot in Figure 16 , the temperature increases rapidly with respect to the driving energy during the preheating process in comparison with the desorption process. The reason is that all of the energy input to the adsorption bed during the pre-heating process is consumed only in the sensible heating of the bed, whereas, in desorption process, a large portion of energy is consumed during the refrigerant generation process. Figure 18 shows the influence of adsorption reactor temperature on the system COP for the SG-, AC-and com-AIP system. It is seen that COP increases as the adsorption reactor temperature is increased from 67 to 100 o C. This is because the amount of refrigerant (methanol) circulated increases, due to increased refrigerant desorption with higher driving source temperature. The COP remains almost steady for large values of Tb>90 °C. This linear slight increase happens due to the fact that most of the methanol had desorbed below 90 °C, so the increase in heat input produces negligible methanol and hence the COP remains constant.
Based on the comparison with the silica gelmethanol AIP system the simulation results showed that, the COP of this novel com-AIM system was improved by 40% and with activated carbon-methanol AIP system was improved by 7% when the temperature of hot water inlet, cooling water inlet, chilled water inlet and the ice produced were 100 °C, 24 °C, 15 °C and -3 °C respectively. This is because the heating energy from the driving heat source could be saved by 20%. Due to a lower specific heat capacity C P of the silica gel particles, smaller density of activated carbon and higher adsorption quantity of the activated carbon particles, the com-adsorption reactor has a higher COP and lower heat input Q in compared to SG-bed and AC-bed. The comparison with two AIP systems is made under the same operating conditions. The inlet temperature of the heat transfer fluid are 100 °C for hot Comparison between the three AIP systems, the first is filled only by silica gel-methanol, the second is filled only by activated carbon-methanol and the third is filled by combined adsorbents by silica gel/activated carbon-methanol.
water, 24 °C for cooling water, and 15 °C for chilled water. The standard operating conditions are shown in Table 6 .
As shown in Figure 19 , the refrigeration energy Q e , needed for producing 1 kg of ice, are similar for all three systems. But the driving energy required by the com-heat exchanger is about 543 kJ per cycle and the performance of the system COP reaches 73%. Based on the simulation results and the comparison with the AC-AIP system and with SG-AIP system, it has been found that the required input heat by AC-bed is 549 kJ and by SG-bed is 932 kJ under the same operating conditions. This mean that the Q in input heat required from the external heat source of this novel com-heat exchanger could be saved by 40% compared with silica gel-methanol AIP system and by 6% compared with activated carbon-methanol AIP system when the operating conditions were similar.
Consequently the com-adsorption reactor has an important advantage that can save the heat, required by the heat source and have efficient performance.
SUMMARY AND CONCLUSIONS
This work was done to improve their frigeration capacity and save the driving energy. To achieve that, a novel com-bed AIP system with both silica gel and activated carbon as adsorbents and methanol as refrigerant theoretically and thermo dynamically is investigated. The analytical model is simulated using MATLAB software.
The performance of this technique and the needed driving energy are evaluated by comparing with two AIP systems, the first system works using silica gel/methanol and the second works using activated carbon/methanol as workings pair. The boundary conditions used were similar between the three systems.
This com-AIP system can utilize the fluctuated heat source temperature between 65 and 100 °C to produce effective cold (ice) along with a coolant inlet 15 °C. The main feature of the proposed AIM system is the ability to be driven by relatively low temperature heat source. Simulation results showed that the combined heat exchanger could save up input energy from heat source about 40%. The analysis of the cooling processes and adsorption/desorption processes for com-adsorption reactor theoretical were studied by using 3.9 kg of silica gel, 3 kg of activated carbon and 4 kg of methanol.
The simulation results showed that 5.34 kg of ice per cycle could be obtained with a COP equals 0.74 under the hot water inlet temperature of 100 °C whereas the evaporation temperature of -3 °C. This amount of ice produced decreases to 4 kg with using only silica gel in the adsorption reactor and increases to about 7 kg, if the adsorption reactor is filled with only activated carbon as adsorbent, but in this case the required heat input is about 20% higher.
In the cycle simulation study, the desorption temperature and the mass flow rate of refrigerant ! m ref are the most influential parameters. COP increases with the increase of desorption temperature and refrigeration energy increases with the increase of the mass flow rate of refrigerant ! m ref . Highest COP value is obtained for hot water temperature variation from 90 to 100 °C. In the low heat source temperature, COP has been improved significantly.
The comparison with SG-AIP system showed that COP of the combined heat exchanger was improved by 40%. Moreover, simulation results showed that flow rate of refrigerant has a big influence on the amount of ice produced. 
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